Sequential analysis of chimerism after allogeneic blood stem cell transplantation (BSCT) has been shown to be predictive for graft failure and relapse. We have explored the impact of a novel approach for the quantitative determination of chimerism using a commercial PCR assay with multiplex amplification of nine STR-loci and fluorescence detection. The feasibility was studied in 121 patients transplanted from related or unrelated donors. Follow-up investigation was performed in 88 patients. Twenty-eight of these patients had received a transplantation after dose-reduced conditioning therapy. Results were com- 
Introduction
Transplantation of allogeneic bone marrow (BM) or peripheral blood stem cells (PBSC) currently represents the only available curative therapeutic approach in several malignant and nonmalignant hematological diseases. After being restricted to related donors first, transplantation of bone marrow or peripheral blood stem cells from HLA-matched unrelated donors has become a widely used strategy in recent years. Since acute graft-versus-host disease (aGVHD) is a major complication, especially in PBSC transplantation, T cell depletion of the graft is frequently performed. To further extend the availability of donors, transplantation from haploidentical related donors is increasingly applied, especially in children, and has been shown to be an effective treatment option. 1, 2 In addition, novel strategies using less intensive preparative regimens have been established exploiting the antileukemic effect of the donor's immune system. 3 As a major drawback, however, many of these procedures are associated with a substantially increased risk of graft failure and relapse. 4 Thus, careful monitoring of the dynamics of chimerism has become especially important to schedule therapeutic intervention. [5] [6] [7] [8] [9] In sex-mismatched transplantation, FISH analysis of X and Y chromosomes can easily be performed to quantify donor and recipient hematopoiesis. [10] [11] [12] [13] [14] Established procedures are commercially available, thus making standardization of the methods possible and ensuring comparable results. 15 In sexmatched transplantation, PCR-based procedures using amplification of polymorphic DNA sequences, namely short tandem repeat (STR) or variable number of tandem repeat (VNTR) markers, have become a widely used approach. These assays are attractive, because they need only minimal amounts of material and are not dependent on a sex mismatch. Numerous methods have been published so far, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] however, the majority of these assays allow only qualitative or semi-quantitative information on the degree of chimerism. Most of these methods also require extensive pretesting and validation of each individual donor/recipient constellation to find informative peak combinations. 22, 24 Furthermore, none of the assays published so far is used by several centers, but most laboratories use 'in-house' techniques. Taken together, these factors hamper comparison and standardization of the results between different institutions. To overcome these limitations, we have recently established a novel PCR-based quantitative technique for the detection of chimerism. 27 This assay takes advantage of a commercial multiplex PCR procedure originally designed and validated for forensic purposes. We performed extensive in vitro validation and showed that by calculation of the mean value obtained by amplification of up to nine STR loci this assay gives quantitative information with low variability and high reproducibility. Here we describe an extended analysis, and present clinical follow-up of the first 88 patients investigated prospectively. The results obtained show that especially in patients with high risk of graft failure or relapse, regular monitoring of donor chimerism provided a basis for early intervention. Furthermore, analysis of cellular subsets was found to be a valuable diagnostic tool, capable of detecting minimal populations of recipient cells with high sensitivity. In some patients we were able to trace cells carrying disease-associated chromosomal aberrations, eg loss of chromosome 7, in the CD34 + population. This possibility renders the assay an attractive alternative for the sensitive detection of minimal residual disease (MRD).
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Patients, material and methods
Patients
One hundred and twenty-one patients undergoing allogeneic transplantation between June 1997 and May 1999 were studied, 52 from HLA matched (n = 49) or haploidentical (n = 3) related donors, and 69 from HLA-matched unrelated donors. In 88 of these patients, sufficient follow-up material was available. Patient details are given in Table 1 . The standard preparative regimen in the myeloablative setting consisted either of intravenous busulfan (4 × 3.3 mg/kg body weight), cyclophosphamide 200 mg/kg body weight or fractionated total body irradiation (12 Gy), etoposide (30 mg/kg) and cyclophosphamide (120 mg/kg). Patients treated with the dose-reduced regimen received two doses of intravenous busulfan (3.3 mg/kg body weight) and fludarabine (150 mg/m 2 ). All patients transplanted from unrelated donors received ATG (Merieux, 4 × 2.5 mg/kg body weight, total dose 10 mg/kg; Pasteur Mérieux, Lyon, France) on days −5 to −2. GVHD prophylaxis consisted of cyclosporine A (CsA; 3 mg/kg), recipients of unmodified BM grafts received 10 mg/m 2 methotrexate on days +1, +3 and +6. After dose-reduced conditioning, 5 mg MTX/m 2 were given to recipients of unmodified BM grafts. In patients conditioned with the dose reduced concept, CsA was used in combination with oral mycophenolate mofetil (MMF; 4 × 500 mg/day).
For overall chimerism analysis, 10 ml heparinized peripheral blood or 2 ml of bone marrow were collected. To obtain the pre-transplantation STR profiles, blood samples were collected from the recipient and the donor prior to transplantation. In four cases, DNA extracted from buccal swabs taken after transplantation was used to obtain the pre-transplantation STR profile of the recipient. 
Fluorescent in situ hybridization (FISH)
FISH analysis of interphase nuclei was performed by standard techniques as described recently. 29 Briefly, MNC were prepared from peripheral blood or bone marrow using hypotonic KCl lysis and fixation in acetic acid/methanol (1:3). Dual-color FISH was done using the CEP X SpectrumOrange/Y SpectrumGreen DNA probe kit (Vysis, Stuttgart, Germany). Every attempt was made to analyze at least 500 nuclei.
Fluorescence activated cell sorting (FACS)
Fluorescence activated cell sorting was performed on MNC enriched by density gradient centrifugation (Lymphoprep; Pharmacia, Freiburg, Germany) from 30 to 60 ml of peripheral blood, depending on the actual cell counts. One milliliter of the pellet obtained after density centrifugation (containing the erythrocyte and granulocyte fraction) was recovered and erythrocytes were removed by hypotonic lysis. CD34
+ cells were enriched from the MNC fraction using one step of an immunomagnetic procedure as recommended by the manufacturer (MiniMacs; Miltenyi Biotec, Bergisch-Gladbach, Germany). Aliquots of the CD34-negative fraction were then incubated with the following monoclonal fluorophore-conjugated antibodies: anti-CD3 PECy5 and anti-CD3 PE (Coulter Immunotech Diagnostics, Hamburg, Germany), anti-CD4 PE (Pharmingen, Hamburg, Germany), anti-CD8 FITC (DAKO Diagnostika, Hamburg, Germany) and anti-CD56 FITC, anti-CD19 PE and anti-CD14 FITC (Becton-Dickinson, Heidelberg, Germany) after washing in phosphate-buffered saline solution and sorted to obtain the following populations: CD3 + content between 5 and 30%, was incubated with anti-CD34 PE (Pharmingen) and sorted to achieve a purity above 95%. The sample containing the granulocytes was incubated with anti-CD15 PE (Coulter Immunotech) and sorted as indicated above. When sufficient cell numbers were available, between 1500 and 10 000 cells were sorted for each population. Samples were also collected to assess the purity of the sort for at least three populations, whenever possible. The median purity, as measured by repeated FACS analysis, was 98%.
Isolation of DNA, STR-multiplex PCR and quantification
DNA extraction, multiplex STR-PCR and quantification was performed as described recently 27 with minor modifications. For a detailed description of the procedure for quantitative chimerism analysis see appendix, 'Method in Focus'.
Dilution experiment
A blood sample (150 ml) was drawn from a volunteer donor. The cell count was 6.5 × 10 9 WBC/l. + cells (see above). The remaining 37 ml were used for extraction of total RNA. RNA extraction and reverse transcription were performed as described recently. 30 First round PCR for the AML1-ETO rearrangement associated with the translocation t(8;21) was performed in PE 9600 thermocyclers using primers AML2 (5′-CCTCAGGTTTGTCGGTCGAAGTGGA-3′) and ETO4 (5′-GCTGTAGGAGAATGGCTCGTGCCA-3′). Total volume of the PCR reaction was 25 l, containing 200 mol/l deoxynucleoside-triphosphates, 0.001% gelatine, 50 mmol/l KCl, 1.5 mmol/l MgCl 2 , 10 mmol/l Tris-HCl, 500 nmol/l of the primers and 1 U of Taq-polymerase (AmpliTaq, PE Biosystems, Weiterstadt, Germany). PCR-conditions were: pre-cycle 94°C/2.5 min, followed by 34 cycles with 94°C/0.5 min, 65°C/0.5 min and 72°C/0.5 min followed by a final step with 94°C/0.5 min, 72°C/10 min. The nested PCR was performed with 5 l of the first round PCR-product (diluted 1:100) in a total volume of 25 l. Primer sequences were AML3 (5′-AAGTCGCCACCTACCACAGAGCCA-3′) and ETO5 (5′-GTGGCATTGTTGGAGGAGTCAGCCT). The same PCR conditions were used, but only 30 cycles were performed. Dilution experiments revealed a limit of detection of 1 Kasumi cell in 1 × 10 5 normal WBC for the nested RT-PCR assay.
Results
Analysis of informative alleles in related and unrelated donor/recipient constellations
We have recently shown that due to the combination of nine STR markers, an informative peak constellation can be identified in all patients. However, extended analysis revealed that one of the possible combinations, namely a homozygous peak of one individual displaying the same size as one of the heterozygous alleles of the other individual (see Appendix, section 4 for details), is inferior in accuracy compared to the other constellations. Although there is a good correlation between cell mixtures and the peak ratio, the variability of results is increased, and in case of nearly complete chimerism, calculated values can reach results above 100%, thus making the interpretation difficult. For this reason, we now perform the analysis only for those STRs with at least two clearly discernible alleles. Figure 1 shows a comparison of the number of STRs fulfilling these criteria in patients transplanted from related and unrelated donors. The median number of informative STRs was four in the 52 related patients (range 1 to 8) and seven (range 1 to 9) in the 69 unrelated donor/recipient pairs. As shown in patients transplanted from unrelated donors, there was only one in 69 patients (1.4%) with a single informative STR. In contrast, five of 52 patients (9.6%) transplanted from related donors had only one allele that could used for calculation, thus clearly reducing the accuracy of quantitative results in some of these patients. However, even under these more restricted criteria for selection of STR markers for quantitative analysis in this extended group of patients, we did not find cases lacking informative signals. These obser-
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Figure 1
Comparison of the number informative STRs in patients transplanted from related donors (n = 52) or unrelated donors (n = 69).
vations confirm our previous results demonstrating the ability of the assay to adequately discriminate between donor and recipient cells. Thus far, identical profiles in donor/recipient pairs were found only in identical twins.
Correlation of results obtained with FISH and STR-PCR
We also asked whether the values obtained are comparable to data obtained with standard two-color FISH in patients transplanted from sex-mismatched donors. As illustrated in Figure 2 , in 84 randomly chosen samples from 14 of the 38 patients with sex-mismatched donor analyzed in parallel on the same day, a good correlation was found between the assays. Using a linear regression analysis, the value for the coefficient of determination r 2 was 0.972.
Figure 2
Linear regression of results obtained with standard XY-FISH and the multiplex STR-PCR during routine investigation in 14 patients analyzed with both methods on the same day. The coefficient of determination r 2 for these 84 analyses was 0.972.
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Application in the clinical setting
In our institution, the procedure described has been used for monitoring of the post-transplant chimerism in 88 patients. In each patient, a median number of 18 samples (range 5-55) covering a median time period of 299 days (range 26-754 days) were analyzed in a prospective manner. Table 1 summarizes the clinical characteristics of this cohort. Several of these patients were at high risk of graft failure or relapse, ie they were transplanted from mismatched donors or received a T cell-depleted graft. Twenty-eight patients were transplanted after conditioning with a dose reduced regimen. In this strategy, the recipient's immune system is not completely ablated, and the risk of graft failure may therefore be increased. 31, 32 The diagnostic value of the novel technique in this subset of patients was our major focus of interest. In one patient (UPN 238), primary graft failure was observed which could be documented by the dynamics of donor chimerism even at time points when WBC counts were below 0.1 × 10 9 /l ( Figure 3 ). Monitoring of chimerism also allowed early detection of secondary graft failure, which was seen in seven patients between days 35 and 60. Two patients who were transplanted from unrelated donors after non-myeloablative conditioning are presented in Figure 3 (UPN 169 and 188). In these seven cases, donor chimerism decreased 2-10 days before the diagnosis of graft rejection was made. Early relapse or refractory disease were seen in three patients, and 12 additional patients relapsed during follow-up. In all cases, decreasing values of overall donor chimerism were detected prior to or concomitantly with the clinical diagnosis of relapse.
Figure 3
Analysis of chimerism in peripheral blood leukocytes in three patients with early graft failure. UPN 169 is a male patient with CML in accelerated phase. He was transplanted with 7.2 × 10 6 CD34 + cells/kg body weight from an HLA-matched unrelated donor. After primary engraftment, this patient experienced secondary graft failure at day +38. UPN 188 is a female patient with c-ALL (Ph 1 pos). This patient was transplanted with 16 × 10 6 CD34 + cells/kg body weight. After primary engraftment at day +14, this patient experienced secondary graft failure at day +32 and received an autologous back-up. UPN 238 is a male patient with acute myeloid leukemia in first CR, who was transplanted with 12.1 × 10 6 /kg body weight CD34
+ cells from his two-antigen mismatched niece. He developed fever at day +10 and persistent pancytopenia. Primary graft failure was diagnosed at day +17 and an autologous back-up was given.
Subset analysis and detection of minimal residual disease
The onset of relapse can display different kinetics. Especially in cases of acute leukemia or blast crisis of CML, relapse can occur very rapidly. We thus asked, whether quantification of chimerism in peripheral blood CD34
+ cells might provide a more sensitive means of predicting relapse. To evaluate the sensitivity of this approach, we performed a spiking experiment, where we added cells of a CD34-positive cell line (Kasumi) to WBC of a healthy volunteer. Two dilutions were prepared (1 Kasumi cell/4000 and 40 000 WBC), and the samples were divided into two aliquots. From one aliquot, CD34
+ cells and T cell were isolated as outlined in the Methods section. From the second aliquot, total RNA was prepared, subjected to cDNA synthesis and nested RT-PCR for the AML1-ETO fusion mRNA was performed. As shown in Figure 4 , STR-PCR analysis permitted detection of Kasumi cells in both dilutions. Similar results were obtained in the RT-PCR assay, however a nested step was necessary to detect the 1/40 000 dilution.
We also addressed the utility of this assay in the clinical setting. Figure 5a shows the development of overall chimerism in a patient with AML after transplantation with dose-reduced conditioning. As depicted, the patient had a prolonged increase in overall donor chimerism, which is frequently seen in this kind of transplantation. On day +54, the patient reached a mixed donor chimerism of 92%, and remained stable at this level. However, starting on day +69, gradually decreasing donor chimerism values were observed. To get more information on the source of increasing host signals, we performed an analysis of individual cell subsets on day +88, when the donor chimerism had declined to 86%. The values of donor chimerism were between 96 and 98% in lymphoid (CD4, CD8, CD19, CD56) and myeloid (CD14, CD15) lineage (Figure 5b) . However, only 20% of the cells were derived from the donor in the CD34 + fraction. Careful investigation of the signal intensity obtained in CD34 + cells revealed an interesting observation. The intensity of one allele of the STR marker D7S820 on chromosome 7 was much lower than expected (Figure 5c ), indicating loss of heterozygosity (LOH) at this locus. Since the pretransplantation karyotype was 44, X, −Y, −7, del(11)(q23) it appears reasonable to assume that the CD34 + cells of recipient origin were in part of the reappearing malignant clone. In addition, loss of the Y-chromosome could be also demonstrated in the CD34 + population (data not shown). We have subsequently observed similar changes in eight additional patients carrying aberrations of chromosome 7 (monosomy 7 or 7q−), chromosome 5 or chromosome 13, in whom LOH of the corresponding STR marker could be detected using the STR procedure during follow-up after transplantation. In this situation, the use of multiplex PCR with simultaneous information on several other alleles allowed us to rule out a sampling error, because the remaining STR markers always showed a pattern identical to the original sample. The use of STRs located in chromosomal regions frequently lost in malignancy, eg chromosomes 5, 7 and 17p, should be avoided for chimerism analysis in PCR assays targeting a single locus because of the high risk of false negative detection of recipient alleles. In multiplex PCR assays, each locus showing a strong deviation of the quantitative result from the mean value of the other STRs should be checked for the presence of LOH.
Several patients were also tested serially to investigate whether sequential chimerism analysis of CD34 + cells allows + fraction compared to the initial recipient and donor profiles for the D7S820 STR. The recipient pretransplantation allele profile is 9, 12 the donor constellation is 9, 11. The CD34 + fraction at day +88 contains the alleles 9, 11, and 12 however, the intensity of allele 9 is much lower than expected, since it has only the height of the residual second donor allele. the detection of relapse. Figure 6 shows the comparison of overall chimerism in peripheral blood with analysis of CD34 + and CD15
+ cells in four patients with high-risk disease, two with CML (accelerated phase) and two with MDS. One patient was transplanted with CD34 + haploidentical cells from his mother, the three others received unrelated HLA-matched transplants after reduced intensity conditioning. Detailed clinical courses are indicated in the figure legend. All patients developed donor chimerism Ͼ95% between days +10 and +51. Decreasing overall donor chimerism was found between days +28 and +175 post transplantation. In contrast, donor chimerism in CD34+ cells already decreased 26 to 50 days earlier in three patients who relapsed, whereas in the fourth patient with secondary graft failure, no dominant donor chimLeukemia erism in CD34 + cells was achieved at any time. Despite this finding, the CD15 + cells showed high levels of donor chimerism for a long time, indicating that even small numbers of residual donor CD34
+ cells can proliferate and differentiate very efficiently.
Monitoring of therapy
Donor lymphocyte infusion (DLI) has been established as an effective treatment of relapsing disease after allogeneic bone marrow transplantation, especially in CML. Figure 7 shows the follow-up of a patient with CML who had relapsed 19 months after unrelated bone marrow transplantation. The patient
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Figure 6
Analysis of CD34 + cells in patients after allogeneic transplantation. (a) Case 1: a patient with CML in second accelerated phase was transplanted with 13.4 × 10 6 /kg CD34 + selected G-CSF mobilized PBSC from his haploidentical mother. The patient showed rapid engraftment with Ͼ500 granulocytes/l at day +12 and Ͼ50 000 platelets at day +17, complete donor chimerism was found at day +10. This level of chimerism remained stable with minute changes until day +175, when the donor chimerism level dropped instantly to 29% and a hematological relapse was diagnosed. The patient was retransplanted, but died from severe complications. Subset analysis indicated almost complete chimerism in CD34
+ cells which dropped to 65% at day +124, almost 50 days before the relapse was seen in the peripheral blood. (b) Case 2: a patient with MDS (RAEB-T) received 9.7 × 10 6 /kg CD34 + selected G-CSF mobilized PBSC of a matched unrelated donor after dose reduced conditioning. This patient showed rapid engraftment (Ͼ500 granulocytes/l day +11, Ͼ50 000 platelets day +25) and 97% donor chimerism at day +17. Between days +111 and +122 the chimerism in the peripheral blood started to decrease. Relapse of disease was diagnosed at day +124. Chimerism analysis of CD34 + cells had revealed decreasing values of donor cells at day +84. (c) Case 3: this patient with MDS was transplanted with 3.8 × 10 6 /kg CD34 + selected G-CSF mobilized PBSC from a matched unrelated donor after dose reduced conditioning. Neutrophil engraftment (Ͼ500/l) was seen at day +12, platelet engraftment at day +16, and the donor chimerism reached 96% at day +21. Chimerism in the peripheral blood slowly decreased again, and secondary graft failure was diagnosed at day +58. Donor chimerism in the CD34 + subset reached only 51% and already dropped at day +28. (d) Case 4: a patient with accelerated phase CML grafted with BM from a matched unrelated donor after dose reduced conditioning. Neutrophil and platelet engraftment was observed at days +15 and +32, respectively. The donor chimerism in the PBL reached 98% at day +51. At day +110, the value declined to 94%, and bone marrow aspiration showed 4% Ph 1 cells. The immunosuppression was rapidly tapered and the donor chimerism increased again, however the patient died at day +138 due to GVHD of the liver and pulmonary Aspergillus infection. Analysis of CD34 + cells had shown this decrease of donor hematopoiesis at day +84. /kg and 5 × 10 7 /kg body weight). As shown, an increase of donor chimerism was documented 12 weeks after the third DLI, and was accompanied by limited chronic GVHD.
Discussion
Sequential monitoring of chimerism after allogeneic BSCT has been shown to be predictive for graft failure and relapse. 6, 8, 9, [33] [34] [35] Although persistent recipient cells are not necessarily associated with an increased relapse rate, 36 several reports have shown, that the incidence of recurrent disease is significantly increased in the group of patients with unstable mixed chimerism showing increasing host signals compared to patients presenting with stable complete chimerism or patients with mixed chimerism turning into complete chimeras. 24 In this situation it is of critical importance to have a quantitative method for the evaluation of chimerism to provide useful information which could serve as a basis for clinical decision making. Knowledge on the variability of the results is important to discriminate between technical artifacts and real changes in the percentage of donor chimerism. Thus, a validated procedure with low variability and high reproduci-bility would undoubtedly contribute to an improvement in the management of patients after allogeneic BSCT. We have recently established a novel method for quantitative assessment of chimerism based on a commercial multiplex PCR kit for forensic purposes. 27 In vitro data showed that the assay has a high reproducibility and precision and is therefore suitable for quantitative analysis of chimerism after allogeneic BSCT. In the current study, we were interested in the applicability and the predictive value of this assay in the clinical setting.
PCR analysis performed in 121 recipient/donor pairs showed that the assay was informative in all cases with the exception of identical twins. Since we have shown that for reproducible quantitative results it is important to calculate the mean value for several STRs to compensate for random variability in amplification, we have assessed the number of STR markers eligible for analysis in patients transplanted from related donors. In the 52 patients analyzed, a median value of four STR markers were adequate for quantification. As expected, the number is lower than in the unrelated setting, where a median of seven STR markers were informative. These data show that in 80% of patients with a related donor, three or more data points were available for the calculation of the mean value. In those patients with only a single informative allele, we would strongly recommend using FISH analysis whenever possible, because the quantitative reliability of the STR-PCR assay could be reduced. Alternatively, another multiplex STR-kit (AmpFlSTR SGM plus; Perkin Elmer, Weiterstadt, Germany) could be used. This novel assay is based on co-amplification of 10 STRs and contains six STR loci (D16S539; D2S1338; D8S1179; D2S11; D18S51; D19S433) not included in the Profiler kit. Since both assays are run under identical PCR conditions, they can be readily combined in the diagnostic setting. Preliminary data indicate that the SGM multiplex assay has similar reproducibility and sensitivity in the context of chimerism analysis (data not shown). Re-evaluation of the six samples showing only a single informative allele in the Profiler assay revealed that 5/6 samples had two or more (1; 2; 2; 2; 4; 5) informative STRs in the SGM multiplex assay.
Prospective chimerism analyses were performed in 88 patients. Especially in the group of patients transplanted from unrelated donors after reduced intensity conditioning, a high proportion of graft failures and relapses were observed 37 and (Bornhäuser et al, manuscript in preparation). In these instances, detection of decreasing donor signals provided a basis for therapeutic intervention, ie reduction of immunosuppression or DLI. However, in three cases, decreasing levels of chimerism were observed at the time of hematologic diagnosis of relapse. In this context, a major drawback of the technique described is the relatively low level of sensitivity, with an upper limit of detection of 5%. Several PCR techniques described have much higher sensitivity. 16, 24 Using such highly sensitive techniques, long-term persistence of recipient cells has been demonstrated. 38 However, because DNA-based assays cannot provide information on the cell type involved, it is difficult to assess the clinical relevance of mixed chimerism at low levels. In agreement with this notion, several studies have shown that stable mixed chimerism at a very low level is compatible with disease-free survival. 36, 39 Quantitative monitoring of disease specific markers, eg the bcr-abl fusion mRNA in CML or Ph 1 -positive ALL is also frequently performed to monitor patients after BSCT. These methods have been shown to be predictive for relapse in several reports. [40] [41] [42] [43] [44] However, similar genetic markers are avail- 48 Bone marrow aspiration is distressful for the patient and cannot be performed at short intervals. We therefore asked whether CD34 + cells isolated from peripheral blood can be used to obtain early information on imminent relapse. We assumed that given a median frequency of 0.1% of CD34 + cells in peripheral blood and a sensitivity of 5% for the STR-PCR assay, residual recipient hematopoiesis should be detectable with a sensitivity of about 0.005%, which means that five in 100 000 cells should be detectable. Dilution experiments revealed a sensitivity of 1/40 000 (Figure 4) . Thus, the combination of FACS sorting and quantitative STR-PCR is able to achieve a level of sensitivity comparable to nested PCR assays detecting disease-specific translocations. As demonstrated in Figures 5 and 6 , this method might be useful for early detection of relapse. In some patients it was also possible to determine the malignant origin of these cells, because disease-specific markers like monosomy 7 were detected using the STR-PCR in the CD34 + fraction (Figure 5c ). It is obvious that analyses of leukocyte subsets are timeconsuming and cannot be performed routinely. However, in high-risk patients or in situations where mixed chimerism or slowly decreasing values are observed in overall chimerism, this method can provide important additional information on T cell chimerism and the stem cell fraction and may therefore herald disease relapse several weeks before it becomes detectable in overall chimerism analyses performed on peripheral blood leukocytes ( Figure 6 ). In addition, information of the amount of residual donor CD34 + cells might be important for planning of therapeutic interventions. In a recent study, patients with less than 5% CD34 + donor cells in the BM were found to be at a high risk for severe aplasia after DLI. 49 Larger patient numbers with longer follow-up are needed to assess the long-term predictive value of these analyses.
As shown in Figures 3, 5 and 6, the kinetics of graft failure and relapse can show high variability. There are reports indicating that in certain high-risk diseases like acute leukemia or blast crisis of chronic myelogenous leukemia, hematological relapse can occur within a short period of time. 50 Thus, at least in these situations, it seems appropriate to analyze chimerism at short intervals. Patients in our institution are currently investigated twice a week in the first month, and at 1-week intervals during the first 3 months post-transplant. This implies that the total number of analyses is increasing rapidly. For the current study more than 1700 samples were analyzed. As a major advantage of the assay described, the same reagents and primers are used under identical conditions in all patients. This substantially simplifies the procedure. Furthermore, the whole concept will eventually allow automatic control of most of the steps involved (DNA extraction, PCR set-up, automated sample loading and fragment analysis on capillary electrophoresis systems), which might be useful for large scale applications.
Currently, great effort is made to develop standards for laboratory techniques. 51 Although this is already practice in the laboratories for clinical chemistry, it is only beginning in the field of molecular diagnostics in hematology, oncology and transplantation medicine. Approval of laboratory tests by institutions like the Food and Drug Administration (FDA) is also strongly recommended. Apparently, this cannot be done for all 'in-house' tests currently used in different institutions. The Comparison of quantitative results obtained in three different centers using the multiplex STR-PCR assay described. Twenty samples obtained from six patients were analyzed independently in three laboratories (Vienna, Munster and Dresden). All samples were derived from states of mixed chimerism. For each sample, the measured value is given. The patients had 3-7 informative STRs. Two centers performed the analyses with a capillary electrophoresis instrument (ABI 310, PE Biosystems), the other center used a gel-based system (ABI 377, PE Biosystems).
availability of an assay which is already validated and approved for forensic purposes may be helpful as a first step in the direction of standardization in molecular detection of chimerism after BSCT. It will permit relatively easy comparison of results between different transplantation centers. This could be important for multi-center studies, or when the follow-up of a patient is not performed at the same center as the transplantation. In order to check the variability of results obtained at different centers, 20 DNA samples derived from six individual patients were analyzed independently in three different laboratories with the AmpFlSTR Profiler assay. Two of these centers used capillary electrophoresis (ABI 310) for the detection. As displayed in Figure 8 , the measured donor values show a very low degree of variability, with a median coefficient of variation of 2.4% (range: 0.7-9.6%). This is comparable with the inter-assay variability of analyses performed in a single laboratory. 27 Thus, this method yields highly reproducible results, even if performed at different locations.
In conclusion, our preliminary experience derived from prospective clinical studies indicates that the multiplex STR-PCR described is a valuable tool for early diagnosis of graft failure and relapse in patients after allogeneic BSCT. It appears useful in the follow-up of patients with high risk of treatment failure, especially in patients treated with dose-reduced conditioning. The ability to quantify chimerism in cell populations with very low abundance, such as peripheral blood CD34
+ cells, and the possibility to detect disease-specific chromosomal aberrations has great potential for sensitive detection of minimal residual disease. In patients lacking specific PCR-detectable markers, this method may be an alternative to recently introduced real-time quantitative PCR assays. 52 This possibility has to be investigated in larger prospective trials.
